Recent studies have implicated the Hippo pathway and its transcriptional effectors YAP and TAZ as 18 necessary for fibroblast activation and tissue fibrosis. To test the specific and sufficient roles for TAZ in 19 driving autonomous fibroblast activation, we cultured NIH3T3 fibroblasts expressing a doxycycline-20 inducible nuclear-localized mutant of TAZ (TAZ4SA) in scaffold-free 3D hanging drop spheroids, or on 21 matrices of specified mechanical rigidity. Control NIH3T3 fibroblasts formed spheroids in hanging drop 22 culture that remained stable and neither increased nor decreased in size significantly over 15 days. In 23 contrast, TAZ4SA-transduced fibroblasts grew robustly in spheroid culture, and expressed enhanced 24 levels of genes encoding pro-fibrotic soluble factors CTGF, Et-1 and PAI-1. However, TAZ4SA expression 25 was unable to enhance expression of ECM-encoding genes Col1a1, Col1a2, Col3a1 or Fn1 in spheroid 26 culture. Micromechanical testing indicated that spheroids composed of either control or TAZ4SA 27 expressing cells were highly compliant and indistinguishable in mechanical properties. In fibroblasts 28 cultured on 2D matrices of compliance similar to spheroids, TAZ4SA expression was able to enhance 29 contractile force generation, but was unable to enhance ECM gene expression. In contrast, culture on 30 stiff hydrogels potentiated TAZ4SA enhancement of ECM expression. TAZ4SA enhancement of Col1a1 31 expression on soft matrices was potentiated by TGF-β1, while on stiff matrices it was abrogated by 32 inhibition of MRTF, demonstrating context dependent crosstalk of TAZ with these pathways. These 33 findings demonstrate sufficiency of TAZ activation for driving fibroblast proliferation, contraction, and 34 soluble pro-fibrotic factor expression, and mechanical context-dependent crosstalk of TAZ with other 35 pathways in regulating Col1a1 expression. 36
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Introduction 37
Fibrosis is characterized by aberrant proliferation and matrix deposition by fibroblasts, leading to 38 destruction of normal tissue architecture and replacement with fibrotic scar tissue (22) . Recent work in 39 a variety of tissues has implicated the Hippo pathway transcriptional effectors YAP and TAZ in the 40 process of fibroblast activation and fibrosis (1, 2, 10, 13, 21, 28) . We recently observed that fibroblasts 41 expressing TAZ4SA, a mutant form of TAZ with 4 serine to alanine substitutions that prevent TAZ 42 cytoplasmic sequestration, rapidly colonize the lung after intravenous injection, replacing normal tissue 43 architecture with increased cellularity and a collagen-rich extracellular matrix (10). The Hippo pathway 44 itself is sensitive to the stiffness of the mechanical environment (17) and YAP and TAZ crosstalk with 45 other mechanosensitive pathways (20, 31) , thus it is increasingly appreciated that this pathway plays a 46 leading role in orchestrating cellular responses to an altered mechanical environment (19), including 47 fibroblast activation in stiffened fibrotic tissues (1, 2, 10, 13, 21, 28) . However, YAP and TAZ also interact 48 with and integrate a wide variety of other upstream inputs and downstream signaling cascades (19). The 49 potential role for TAZ as an essential and sufficient initiator of fibroblast activation per se within the 50 compliant physical environment that typifies normal soft tissues remains relatively unexplored. 51
Here we developed a scaffold-free culture system to explore whether fibroblasts spontaneously, or 52 under the control of TAZ4SA, possess the capacity for growth and activation in free-floating spheroids. 53
We observe that fibroblast growth is normally limited under such conditions, but that expression of 54 TAZ4SA overcomes this limit to drive sustained spheroid growth. Interestingly, we do not observe 55 enhanced ECM gene expression (Col1a1, Col1a2, Col3a1 and FN1) in spheroid culture under the 56 influence of TAZ4SA, although expression of genes encoding pro-fibrotic mediators CTGF, Et-1 and PAI-1 57 are all significantly enhanced. We hypothesized that the absence of a stiff mechanical environment and 58 250nm and a rate of 20 μm/s. The elastic modulus (Young's modulus) was calculated from fitting force-119 indentation data using a Hertz sphere model assuming a Poisson's ratio of 0.5. 120
Compliant 2D culture: Polyacrylamide hydrogels were prepared as described previously (15, 18) with 121 minor modifications. Briefly, 15-mm no. 1 glass coverslips (Fisher Scientific) were treated with a 0.4% 122 solution of 3-methacryloxypropyltrimethoxysilane (Sigma Aldrich) in acetone for 10 min, rinsed once 123 with fresh acetone, and air dried. Two prepolymerization solutions of variable ratios of acrylamide:bis-124 acrylamide (Bio-Rad) were prepared as described previously (18) RNeasy Plus mini kit (QIAGEN) according to the manufacturer's instruction. RNA from spheroids was 140 isolated with NucleoSpin®RNA XS kit (Macherey-Nagel) using poly(-A) RNA as carrier RNA that allowselution of RNA in as little as 5 µL with a funnel shaped thrust ring and a small amount of silica 142 membrane area. Two hundred fifty ng of extracted RNA was used to synthesize cDNA using SuperScript 143 VILO DNA Synthesis Kit (Invitrogen). Real-time quantitative polymerase chain reaction (PCR) was 144 performed using FastStart Essential DNA Green Master (Roche, Indianapolis, IN) and analyzed using a 145
LightCycler 96 (Roche). Data were expressed as a fold change by ΔΔCt relative to glyceraldehyde-3-146 phosphate dehydrogenase (GAPDH) housekeeping gene. Primers used for qPCR are shown in Table 1 . 147
Traction force microscopy: Contractile forces exerted by cells on different stiffness matrices were 148 assessed by traction force microscopy as described previously (15 each cell before and after trypsinization using a 20X magnification objective. Tractions forces were 156 estimated by measuring bead displacement fields and computing corresponding traction fields using 157 TractionsForAll (http://www.mayo.edu/research/labs/tissue-repair-mechanobiology/software). 158
Statistical Analysis: Data are presented as means ± SEM, and were compared using unpaired t tests or 159 analysis of variance (ANOVA) with Bonferroni or Tukey's post-test for multiple comparisons. A P-value of 160 less than 0.05 was considered significant.
Results

162
To generate 3D fibroblast cultures in a scaffold free environment, we used commercially-available 163 hanging drop plates that allowed us to reliably generate a single fibroblast spheroid per well. Young's modulus in the range of 0.5-3.5 kPa, similar in nature to normal lung and other soft tissues (10, 212
11, 33). 213
To investigate whether the compliant nature of the spheroids may have influenced TAZ effects on 214 transcript expression, we cultured TAZ4SA-transduced fibroblasts on highly compliant polyacrylamide 215 hydrogels (1.0 kPa) within the range we observed for spheroid stiffness. For comparison, we also 216 cultured TAZ4SA-transduced fibroblasts on stiff polyacrylamide hydrogels (75 kPa) approximating 217 fibrotic tissue Young's modulus (10, 11, 33). We previously observed that TAZ4SA expression was 218 sufficient to enhance Serpine1/PAI-1 expression on compliant hydrogels (10), and confirmed here that 219 doxycycline-induced TAZ4SA enhanced Serpine1 expression on both soft and stiff matrices ( Figure 5E ). 220
However, while TAZ4SA expression on stiff matrices significantly enhanced Col1a1, Col1a2, Col3a1 and 221 FN1 transcript levels ( Figure 5A -D) in agreement with our prior observations (10), it was not sufficient to 222 enhance expression of these transcripts on compliant hydrogels; rather, TAZ4SA expression actually 223 reduced transcript levels for all three collagen-encoding genes under such conditions ( Figure 5A-D) . 224
These results indicate that the transcriptional effects of TAZ are complex and in some cases dependent 225 on mechanical context. Thus, interactions between TAZ and other mechanosensitive pathways likely 226 influence aspects of the transcriptional program driven by TAZ4SA expression. Moreover, our results on 227 compliant hydrogels are consistent with our earlier observation that TAZ4SA expression within the 228 highly compliant mechanical environment observed in scaffold-free spheroids is not sufficient to 229 promote Col1a1 gene expression ( Figure 3A) . 230
To directly test whether specific mechanosensitive and pro-fibrotic pathways may engage with TAZ to 231 regulate gene expression on compliant matrices, we stimulated Control and TAZ4SA-transduced 232 fibroblasts with TGF-β1 or a small molecule activator of MRTF, ISX-9 (32). Neither was able to 233 significantly enhance Col1a1 transcript levels on compliant hydrogels in control cells, demonstrating that 234 these stimuli, like TAZ itself, were insufficient to overcome the mechanical environment ( Figure 6A-B) . 235
However, the combination of TAZ4SA expression and TGF-β1 stimulation did significantly enhance 236 The observation of mechanical context-dependent effects of TAZ4SA on collagen expression raises a 248 question as to how ECM deposition in the highly compliant lung environment could be accomplished by 249 TAZ4SA expressing cells, as previously observed (10). One possibility is that cells in this prior study 250 engrafted in locally stiff regions of the lung, or that the process of cell invasion locally altered the local 251 mechanical or biochemical environment, potentiating TAZ4SA effects. Another possibility is that cells 252 could rapidly modify extracellular matrix mechanical properties through contractile force-mediated 253 reorganization of fibrillar matrices (5). Local changes in ECM density, along with the non-linearmechanical properties of biological polymers, result in local stiffening when cells actively contract within 255 matrices (8, 34). To test whether TAZ4SA expression confers enhanced contractile activity even on soft 256 2D synthetic matrices, we compared traction force generation in the presence and absence of 257 doxycycline in TAZ4SA-transduced and control cells. While traction forces generated on soft matrices 258 were dramatically lower than on stiff matrices, in agreement with previous observations (14, 15), we 259 noted that TAZ4SA expression was sufficient to confer enhanced contractile function even on very 260 compliant hydrogels (Figure 7) . Taken serine phosphorylation, and is regulated by both cell contact and absence of a sufficiently rigid 287 mechanical environment (17). Our results show that an ectopic increase in nuclear TAZ activity by 288 expression of TAZ4SA, a mutant TAZ with alanine substitutions for Hippo pathway-regulated serine 289 residues, overrides the conditions within spheroid cultures that block fibroblast proliferation. It will be 290 interesting in future studies to better understand whether lack of fibroblast proliferation in spheroid 291 culture arises from mechanical compliance and lack of a suitably rigid mechanical environment, cell 292 contact mediated growth inhibition, or both. The latter of these two mechanisms is well studied in 293 epithelial cells, where specific cell-cell adhesion based signals have been delineated (3); in fibroblasts 294 the presence of such cell-contact based mechanisms of Hippo pathway signaling have not been as well 295 studied. 296
While our results indicate that TAZ4SA expression overcomes growth limitations in spheroid culture, it 297 failed to overcome apparent limitations on fibrillar collagen and fibronectin gene expression, suggesting 298 the need for additional co-factors. Moreover, TAZ4SA expression on soft hydrogels modestly, but 299 significantly, reduced transcript levels for Col1a1, Col1a2 and Col3a1, demonstrating that in certain 300 contexts nuclear active TAZ may serve to repress fibrotic gene transcripts (Fig. 5) , an unexpected finding 301 deserving of further attention. Recent work has expanded the already sizable list of proteins with which 302 TAZ (and YAP) interact beyond the canonical TEAD family of transcription factors (19) to include the 303 mechano-responsive myocardin-related transcription factor (MRTF) (9, 27, 35), as well as β-catenin and 304 SMADs (20, 23, 28, 31) . Interactions with these (and/or other) factors may be necessary to allow TAZ-305 related enhancement of ECM gene expression and matrix deposition, as evidenced by the potentiating 306 effect of TGF-β1 stimulation, and inhibitory effect of MRTF inhibition, on Col1a1 expression in TAZ4SA 307 expressing cells. In contrast to the inability of TAZ4SA expression alone to induce ECM production, it did 308 strongly enhance expression of multiple genes that encode paracrine factors supportive of fibroblast 309 activation and fibrosis, including CTGF, endothelin-1 and PAI-1. Thus it is apparent from our current 310 results, and recent published work (10, 13, 21, 28) , that TAZ nuclear function is essential for multiple key 311 pro-fibrotic functions, and that TAZ activation itself is sufficient to drive a subset of key transcriptional 312 and functional fibroblast behaviors.
Interestingly, one of the functions for which TAZ is necessary and sufficient is contraction of both soft 314 and stiff matrices spanning the range of matrix compliance observed in normal and fibrotic soft tissues 315 (10, 11, 33) . Biological matrices display non-linear mechanical behaviors including strain-stiffening (34); 316 that is, they become less compliant as they are deformed. The capacity of TAZ4SA expression to 317 promote fibroblast force generation, which correspondingly would lead to strain and strain-stiffening in 318 the fibroblast's surrounding extracellular matrix (4), raises the intriguing possibility that TAZ activation 319 plays an essential role in initiation of fibroblast matrix remodeling. A wide variety of upstream signals, 320 including several associated with injury and inflammation, are known to activate TAZ (17, 19) . Our 321 results suggest that TAZ activation in fibroblasts residing within a compliant matrix would generate 322 contractile forces that might locally stiffen the extracellular matrix; such changes in local matrix 323 stiffness, accompanied by enhanced production of autocrine/paracrine signals would potentially engage 324 additional mechano-responsive and pro-fibrotic pathways, leading to sustained fibroblast activation and 325 the capacity for matrix deposition. Our results thus not only reinforce prior findings that TAZ activation 326 is an essential contributor to the sustained mechanical activation of fibroblasts in fibrotic tissues (10) 
